Introduction
Self-assembled organization has been a subject of great relevance in supramolecular chemistry and nanotechnology, 1 and may be achieved by means of the association of molecular entities promoted by electrostatic forces, hydrogen bonding or van der Waals forces. This can be illustrated by the rotaxanes and pseudo-rotaxanes inclusion compounds in which a cyclic molecule encloses a rod-like molecule by non-covalent forces, having in addition, suitable end groups to prevent dethreading. Among the cyclic species, the cyclodextrins (CDs) provide an important class of molecules comprising six (α-CD), seven (β-CD), or eight (γ-CD) D-(+)-glucopyranose units linked through α-1,4 glycosidic bonds, in a torus shape ( Figure 1 ). 2 Their ability to include guest molecules arises from the hydrophobic internal environment, suitable for accommodating aromatic molecules, [3] [4] [5] water insoluble drugs, [6] [7] [8] and inorganic compounds. [9] [10] [11] [12] [13] [14] [15] Such inclusion compounds result from the energetically unfavorable interaction between the included water molecules in the hydrophobic CD cavity on one hand, and between water and guest on the other, in comparison with the hydrophobic and/or van der Waals interactions between the guest and the host cavity.
Because of its π-conjugated planar shape {trans-1,4-bis[(4-pyridyl)ethenyl]benzene}, here denoted BPEB, its corresponding pentacyanoferrate(II) 3-ion to 1 equivalent of the BPEB. NMR spectra were recorded on an INOVA-1 300 MHz spectrometer, using TMS as the external chemical shift reference. All measurements were carried out in D 2 O solution with concentrations ranging from 1-10 × 10 -3 mol dm -3 . For the NMR experiments involving BPEB, DCl (pD ~ 3) was added to the solution in order to improve its solubility. The UV-visible spectra were recorded on a Hewlett Packard model 8453 diode array spectrophotometer using ~10 -5 mol dm -3 metal complexes solutions. For the binding constants measurements, the temperature and ionic strength were kept at 25.0 ± 0.1 ºC and 0.1 mol dm -3 NaCl, respectively. The stoichiometry of β-CD inclusion compound with the BPEB ligand and with their metal complexes were obtained by means of the Continuous Variation Method (Job's method). 19, 20 In this method the total concentration of the species ( 6-complex was determined from direct spectrophotometric measurements at λ = 420 nm, using a large excess of β-CD (e.g. ten fold excess). The temperature and ionic strength were kept constant at 25.0 ± 0.1 ºC and 0.1 mol dm -3 NaCl. In the determination of K a we assumed the following equilibrium, 6-refer to the substrate (S), ligand (L) and the inclusion complex (SL), respectively. The absorbance of the substrate in the presence of CD is given by:
Making use of mass balance for the ligand and substrate:
where 
Results and Discussion

Determination of the stoichiometry
The BPEB inclusion was characterized in D 2 O/DCl by 1 H NMR spectroscopy. In Figure 2 (a-e) are shown the 1 H spectra of the aromatic BPEB guest (a-c) and the β-CD host (d-e) in different molar ratios. The characteristic BPEB chemical shifts were collected in Table 1 , for comparison purposes.
In this system, a fast exchange regime between the included and non-included forms was observed in the NMR time-scale. The non-splitting of the α, β, γ and -CH=CH-guest protons signals, and the shift of the resonance 281 Toma and Toma Vol. 18, No. 2, 2007 frequency as function of the BPEB/β-CD molar ratio can be interpreted in terms of a fast exchange between the free and included species. The downfield shifts of the BPEB aromatic protons are in agreement with the change of the polar solvent environment by the more hydrophobic β-CD cavity. Upfield shifts of the H 3 and H 5 β-CD protons were observed in the β-CD spectra. Upon inclusion, the H 3 and H 5 protons lay over the aromatic BPEB ligand. Thus the circulating electrons generate a magnetic field inducing a diamagnetic moment opposed to the external field. Consequently, the anisotropic effect over the inner protons of the β-CD cavity is negative, producing a shielding effect.
In order to determine the inclusion stoichiometry of the BPEB/β-CD system, the continuous variation method was employed (Figure 2g-h) . As discussed before, 22 this method makes use of the difference in the chemical shifts (∆ = 0 -) of the ligand (or substrate) in a fast chemical exchange regime at constant total concentration. In this sense, the chemical shift observed for a given nucleus can be expressed as function of the mole fraction of the species L and SL, e.g., 
Self-assembly of {[Fe(CN) 5 ] 2 (BPEB·β-CD)} 6-rotaxanes
The presence of the two [Fe(CN) 5 ] 3-moieties attached to the BPEB ligand was expected to prevent the inclusion of the complex into β-CD, in contrast to the free BPEB species. As a matter of fact, the linear bridged {[Fe(CN) 5 ] 2 (BPEB)} 6-complex was observed to interact relatively slowly with β-CD in D 2 O or aqueous solutions, at a time scale comparable with that for ligand substitution reactions in pentacyanoferrate(II) complexes. Such slow changes allowed the monitoration of the reaction by 1 H NMR spectroscopy (Figure 3 ).
Before examining the 1 H NMR changes, it should be noted ( Table 1 ) that in the starting {[Fe(CN) 5 ] 2 (BPEB)} 6- complex, the α(2) and β(3) signals are downfield and upfield shifted with respect to the BPEB free ligand, respectively. This behavior is well understood for pentacyanoferrate(II) complexes bearing pyridyl ligands. 23, 24 The α (2) hydrogen downfield shifts is caused by the paramagnetic anisotropy of the Fe(II) core and influenced by electric field effects arising from the dipole moments of the triple-bond cyano ligand. Interestingly, the β (3) proton is shifted upfield from its resonance position in the free ligand. The chemical shift mechanism is based on change in the charge density over the pyridyl moiety of the BPEB ligand by the shielding caused by dπ→pπ back-bonding from the pentacyanoferrate(II) complex.
The addition of β-CD to the dimer solution results on the gradual NMR changes shown in Figure 3 species. 25 Therefore, the inclusion process should be preceded by the dissociation of the [Fe(CN) 5 ] 3-group from the {[Fe(CN 5 )] 2 (BPEB)} 6- complex, generating {[Fe(CN) 5 ](BPEB)} 3-intermediate species, which can undergo a fast equilibrium with β-CD, yielding a pseudorotaxane, as illustrated in Scheme 1. The next step is a rapid recomplexation by the pentacyanoferrate(II) ending group yielding the rotaxane. A similar mechanism has also been proposed for the related bis(4-pyridine)ethylene complex. 9 The electronic spectra of the {[Fe(CN) 5 ] 2 (BPEB)} 6-and its included form with β-CD can be seen in Figure 4 . The spectrum of the starting complexes is composed by two major bands at 352 and 454 nm ascribed to the intraligand (IL) π→π* and the metal-to-ligand charge transfer (MLCT) dπ→π* transitions, respectively. The inclusion of the BPEB bridging ligand results in the lowering of the MLCT band energy from 454 to 479 nm. In N-heterocyclic pentacyanoferrates(II) complexes solvatochromic effects are well understood, exhibiting bathochromic shifts in the MLCT bands when less polar solvents are added to their aqueous solution. 26, 27 In these systems the nature of the Nheterocyclic ligand, i.e. hydrophobic strength, governs the extension of the solvatochromic shift, been greater as the hydrophobicity increase. Likewise the solvent effects on the MLCT energies, the BPEB inclusion in the β-CD cavity results on the bathochomic shift related to preferential solvation of the ligand by the β-CD. This behavior could be associated to the stabilization of the energy levels of the β-CD include ligand leading to a decrease of the MLCT energy.
The association constant for the rotaxane {[Fe(CN 5 )] 2 (BPEB·β-CD)} 6-obtained by integration of the 1 H NMR peaks was 426 ± 9 mol -1 dm 3 in comparison with 452 mol -1 dm 3 based on spectrophotometric measurements. This value is almost two times that previously reported for the related bis(4-pyridine)ethylene system (K = 205 mol -1 dm 3 ), 9 reflecting the increasing hydrophobic interactions promoted by the long chain BPEB ligand.
Conclusions
The trans-1,4-bis[2-(4-pyridyl)ethenyl]-benzene species forms 1:1 inclusion compounds with β-CD in aqueous solution, proceeding according to a rapid dynamic process in the 1 
